CoNi nanorwires/nanorods, depending on the loading of Ni, were prepared by heterogeneous nucleation in polyol. CoNi nanowires with the length up to 1000 nm and the diameter of about 10 nm were obtained when the loading of Ni was no more than 30%, whereas nanorods with the length of about 500 nm and the diameter of 20 nm were produced with further increasing the loading of Ni. It was revealed that the nanowires might be a core-shell structure where the core was formed by the fast reduction of Co 2+ and the shell was constructed by the combined reduction of Co 2+ and Ni
Introduction
Bimetallic nanomaterials have attracted wide attention because of their unique properties which are largely different from their monometal counterparts [1, 2] . Doping a second metal in transition metals could adjust the d-band filling of electron, and thus greatly alter the surface properties as well as the catalytic performance [3, 4] . For example, NiAu alloy showed excellent activity and stability in steam reforming of n-butane, where the doping of Au decreased the activation energy for C-H bond and thus impeded coke deposition [5] . CuPt alloy exhibited exceptionally high activity in low-temperature water-gas-shift reaction because of the facile activation of H 2 O and the weak adsorption of CO [6] . CoNi alloy was also found to be highly active for methane drying reforming, and the alloyed structure significantly promoted the stability by inhibiting coke formation [7, 8] . These investigations were mainly focused on the conventional spherical particles without particular geometries; however, examination of bimetallic alloyed structures with varied shape/morphology that favors to expose specific crystal facets is rarely concerned.
Recently, novel structured Co-based bimetallic materials such as CoPt nanorods [9] , CoFe nanocubes [10] , CoNi urchins [11] , and CoNi nanowires and nanodumbbells [12] have been fabricated in liquid phase by effectively controlling the reduction rate of the metallic ions. In particular, Co 80 Ni 20 urchins which were consisted of radiant nanowires have been synthesized by heterogeneous nucleation in polyol, but the length of the wires was limited to about 500 nm [11, 12] . We have recently synthesized Co nanowires with a diameter of 10 nm and a length up to 1000 nm by chemical reduction of cobalt acetate using Ru as heterogeneous agent and stearic acid as structuredirecting agent [13] . In this work, we have extended to fabricate alloyed CoNi nanowires with this heterogeneous nucleation technique. By varying the basicity of the solution and the loading of Ni in proper ranges, alloyed CoNi nanowires with the diameter of about 10 nm and the length up to 1000 nm were obtained.
Experimental

Materials synthesis
1.0 g of a solid mixture of cobalt and nickel acetate tetrahydrates with desired Ni/Co molar ratios and 0.2 g of sodium hydroxide were dissolved into 80 ml of 1, 2-propanediol. Then, 0.267 g of stearic acid and 0.02 g of RuCl 3 ·xH 2 O (35 wt% Ru) dissolved in 5 ml of 1, 2-propanediol were added to the solution. The mixture was transferred into a teflon-lined autoclave (100 ml) and gradually heated to 413 K and maintained at this temperature for 12 h. The product was centrifuged, thoroughly washed with ethanol and water, and finally dried at 323 K for 5 h under vacuum. Here, ruthenium is used to facilitate the reduction of cobalt and nickel ions, and stearic acid is to induce the anisotropic growth of the nanocrystals as a structuredirecting agent. In order to identify the morphology evolution, the basicity of the synthetic solution was varied by adjusting the concentration of sodium hydroxide from 0.06 to 0.30 M.
Characterization
Powder X-ray diffraction (XRD) patterns of the samples were recorded on a D/Max-2500/PC diffractometer (Rigaku, Japan) using Contents lists available at ScienceDirect
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j o u r n a l h o m e p a g e : w w w. e l s e v i e r. c o m / l o c a t e / m a t l e t nickel-filtered Cu K α radiation at 40 kV and 100 mA. Transmission electron microscopy (TEM) images were taken using a Philips Tecnai G 2 Spirit instrument operated at 120 kV. The elemental analysis of the samples was performed by inductively coupled plasma atomic emission spectroscopy (ICP-AES) on a Plasma-Spec-II spectrometer. The N 2 adsorption-desorption isotherm was performed on a Micromeritics ASAP 2010 instrument at 77 K.
Hydrogenolysis of glycerol
0.05 g of CoNi nanomaterials was added to 40 g of 10 wt% glycerol aqueous solution in an autoclave (100 ml). After purging with hydrogen, the reaction system was pressurized to 3 MPa of hydrogen and heated to 493 K for 7 h under stirring. The products were identified by a mass spectrometer and quantitatively analyzed by a gas chromatography equipped with a flame-ionization detector. Fig. 1 shows the TEM images of the CoNi materials with varied Ni loading. For Co alone, nanowires with a length of 500-1000 nm and a diameter of about 12 nm were obtained. When 10% Ni was added, the wire-like morphology was maintained, but the diameter decreased to about 7 nm and the length shortened to 200-1000 nm with a cone head of about 50 nm on each tip. It is noted that agglomeration which was mainly composed of the short nanorods with the length of 200-500 nm was also produced. This might be due to the inhomogeneous growth of the CoNi nanocrystals in the stagnant synthetic media, and thus some short rods survived as the final products. When Ni doping was increased to 20%, the nanowires had similar length and diameter as the Co 90 Ni 10 sample, but the size of the cone head slightly decreased to about 30 nm. With further increasing Ni loading to 30%, the length of the nanowires was shortened to about 500 nm while the diameter was in the range of 6-12 nm. As 50% Ni was added, however, a mixture of nanorods and aggregated particles was produced. The nanorods had the length of about 500 nm and the diameter of about 20 nm. For pure Ni, only large spherical particles with the size of 50-150 nm were produced, and the particles consisted of nanoplatelets of about 50 nm. Hence, the morphology of the CoNi materials is closely associated with the loading of Ni, and bimetallic nanowires could be obtained when Ni doping was less than 30%. Fig. 2a shows the XRD patterns of the CoNi materials. Co nanowires exhibited typical diffractions at 2θ values of 41.6°, 44.6°, 47.4°and 62.6°, corresponding to the (100), (002), (101) and (102) planes of hexagonal close-packed structure (JCPDS No. 5-727), respectively. As Ni doping was no more than 30%, the CoNi nanowires had pure hcp phase, but the intensity of the (002) diffraction enhanced gradually with Ni loading, indicating the [002] orientation of these nanowires [13, 14] . Meanwhile, the broadening (101) diffraction with increasing Ni doping indicated the presence of a stacking fault [15] . For the Co 50 Ni 50 nanorods, in addition to the Co hcp phase, the weak diffraction at 2θ value of 51.6°suggested the presence of face centered cubic Ni phase (JCPDS No. . This is further confirmed by the intense diffraction at 2θ value of 44.6°, caused by the superposition of the hcp (002) and the fcc (111) planes. As for the Ni aggregates, the intense diffractions at 2θ values of 44.4°and 51.7°clearly indicated the well crystallization of face centered cubic Ni structure. Therefore, Ni doping significantly altered the crystallographic phase of the CoNi materials, and only single hcp Co phase was obtained when the loading of Ni was no more than 30%. Fig. 2b shows the magnified XRD patterns of the (002) planes. It is obvious that the (002) plane shifted from 2θ value of 44.6°(Co) to 44.4°(Ni) with increasing Ni loading, indicating the formation of an alloyed structure. Fig. 2c illustrates that the d-spacing of the (002) plane increased linearly with Ni doping due to the formation of CoNi alloys [8, 16] . Most likely, Ni incorporated into the crystalline lattice of hcp Co and partly replaced Co atoms during the formation of the nanowires because of the closing reduction potentials of Co 2+ (− 0.277 V) and Ni 2+ (−0.257 V) and thus the similar reduction rates in polyol.
Results and discussion
CoNi nanowires with the length of 100-500 nm have been previously synthesized by heterogeneous nucleation in polyols [11, 12] , cobalt alkoxide and nickel hydroxy-acetate were initially produced as the solid intermediates to reduce the supersaturation of Co 2+ and Ni 2+ in the solution, which maintained the balance of nucleation and growth of Co and Ni atoms to form the bimetallic wires. In the current syntheses, stearic acid is used to induce the preferential formation of cobalt and nickel stearate [13] . These new solid intermediates control the anisotropic growth of Co and Ni nanocrystals more efficiently, causing the length of the CoNi wires up to 1000 nm. Fig. 3 shows the TEM images of the Co 90 Ni 10 and Co 50 Ni 50 nanomaterials synthesized by varying the basicity of the synthetic solution. For the Co 90 Ni 10 materials, nanowires were obtained with the length of 200-1000 nm and the diameter of 7 nm when 0.06 M NaOH was used (Fig. 1) . As the concentration of NaOH increased to 0.3 M, the length of the nanowires markedly reduced to 50-100 nm and the diameter decreased to about 3 nm, forming fibrous-like shapes. For the Co 50 Ni 50 materials, aggregated nanorods of less than 500 nm in length and about 20 nm in diameter were obtained at lower basicity (0.06 M NaOH), but sphere-like particles with the size of about 10 nm were produced at higher basicity (0.3 M NaOH). It is apparent that the shape of the CoNi materials strongly depends on the basicity of the synthetic solution, and the reducing sizes of both the Co 90 Ni 10 nanofibers and the Co 50 Ni 50 nanoparticles were caused by the significantly decreased reduction rates of Co 2+ and Ni 2+ in strong basic solutions [13, 15] . When Co 2+ and Ni 2+ ions are simultaneously present in polyol, Co 2+ is initially reduced to Co crystals, followed by the reduction of Ni 2+ and the remaining Co 2+ on the surface of Co crystals, forming
CoNi nanomaterials [17] . When the loading of Ni is less than 30%, a core-shell like structure with Co as the core and CoNi alloy as the shell is produced. As the loading of Ni is up to 50%, however, the final reduction of Ni 2+ would deposit on the CoNi alloy surface, showing a mixture of fcc Ni and hcp Co phases. Table 1 summarizes the chemical compositions and the surface areas of the CoNi materials. The Co/Ni molar ratios in the solid products were always higher than those in the initial solutions, and the deviations enlarged with increasing Ni loading. This further confirms that Co 2+ is initially reduced to Co crystals forming the Co core; the remaining Co 2+ and Ni 2+ are only slowly reduced to form the CoNi alloyed shell, and the reduction of the residual Ni 2+ generates fcc Ni layers on the alloy surface as the Ni doping is more than 30%. Table 1 compares the catalytic performance of the CoNi nanomaterials for hydrogenolysis of glycerol. The Co nanowires showed 44% glycerol conversion and 60% selectivity to 1, 2-propanediol. When CoNi nanomaterials were used, however, the product spectra were modified considerably. The conversion of glycerol greatly increased to 70% but the selectivity of 1, 2-propanediol decreased to 49% over the Co 90 Ni 10 nanowires. With further increasing the doping of Ni, the conversion of glycerol was decreased, whereas the selectivity of 1, 2-propanediol maintained at 61-63%. Concerning the Co 0.5 Ni 0.5 nanorods, however, the conversion of glycerol significantly decreased to 23% and the selectivity of propanediol slightly increased to 67%. For Ni particles, the conversion of glycerol and the selectivity of propanediol significantly decreased to 10% and 15%, respectively. Meanwhile, the gas phase products remarkably increased to 73%, mainly because of the high activity of Ni for C-C bond breaking [18] . Obviously, the alloyed CoNi nanowires considerably promoted the conversion of glycerol and the selectivity of propanediol. Probably, the doped Ni modified the electronic properties of Co surface and thus significantly altered the adsorption and activation of glycerol [4, 19] . Because the electronegativity of Ni (1.91) is slightly greater than that of Co (1.88), their interaction in the nanowires would cause electron transfer from Co to Ni, possibly forming surface Co δ+ species that facilitate the absorption of glycerol and promote the dehydroxylation of glycerol by weakening the C-O bond [20, 21] . However, the activities decreased considerably over the Co 50 Ni 50 and Ni catalysts with fcc Ni phase. This further confirms that the reaction occurs mainly on the surface Co, and the covering Ni layers in the Co 0.5 Ni 0.5 nanorods blocks the available sites of Co and impeded the hydrogenolysis of glycerol.
Conclusion
Alloyed CoNi nanowires were obtained as the loading of Ni was less than 30%. Co 2+ was initially reduced to Co crystals as the core and the remaining Co 2+ and Ni 2+ were slowly and simultaneously reduced to form CoNi alloyed shell. Basicity of the synthetic solution varied the shape of the CoNi nanomaterials considerably through adjusting the reduction rates of the two metal ions. Catalytic test for hydrogenolysis of glycerol revealed that the alloyed CoNi nanowires greatly promoted the catalytic performance, which was much better than the individual Co nanowires and Ni nanoparticles.
